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Abstract 
Several on-site studies have been conducted on rock formations and soils where gases were collected into boreholes. The 
equipment consisted of packers isolating a chamber for gas collection. A pump allows gas transfer towards FT-IR sensors located 
at the surface. Such analytical approach shows several advantages for gas monitoring in boreholes: it allows variation detection 
with time of the partial pressure of gases; detection and evolution with time of the concentration of annex gases or markers; 
application to the injection and post-injection periods to determine possible deviations from a previously recorded baseline; and 
possible use of several boreholes in networks.  
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1. Introduction 
Human activity is responsible for about 30Gt/y of CO2 equivalent and world underground storage capacity is 
evaluated around 2000 Gt of CO2. These two numbers indicate that geological storage of CO2 is a realistic and 
temporary solution for the reduction of greenhouse gas emission, waiting the emergence of zero-carbon technologies 
[1], [2]. 
A potential CO2 reservoir must agree with several conditions: the storage capacities must be important, reservoir 
must keep its integrity for several hundreds or thousands of years, the reservoir must have a low environmental 
impact and also need to be economically viable and conform to the laws [3], [4]. Storage safety is controlled by the 
caprock’s ability to retain the trapped CO2 over long periods of time [5] and the stability of injection or ancient wells 
[6]. Several pathways for CO2 can occur through capillary breakthrough via the pore network of the caprock, cracks 
created by hydraulic fracturing during the injection, pre-existing fractures re-opened by chemical alteration of the 
mineral filling, alteration at the seal-wellbore interface.  
The future sites of CO2 storage must be monitored, in particular via the seismic 3D, which is an essential tool to 
understand the evolution of the CO2 plume in the reservoir [7]. The leak of a CO2-rich fluid towards the outside of 
the reservoir can have dramatic consequences on the environment and human beings [8]. Leaks of gaseous CO2 or 
c© 2009 Elsevier Ltd.
Energy Procedia 1 (2009) 2375 2382
ww .els vi r.com/locate/procedia
doi:10.1016/j.egypro.2009.01.309
Open access under CC BY-NC-ND license.
2 Author name / Energy Procedia 00 (2008) 000–000 
acidified brine to freshwater aquifers in the overburden, could make their water unusable and geomechanical 
disruption of the underground could induce seismic events, uplift or subsidence [9]. 
The measurement of atmospheric gases is well developed but the study of gases (CO2, CH4, ethane, propane, 
butane, H2, N2, H2S, SO2) coming from a reservoir rock remains a very controversial subject. The objective of this 
work is the development of an infrared sensor coupling the atmospheric analysis with the on-line survey of a deep 
CO2 reservoir [10]. Gas content measured above geological gas storage combines different origins: hypothetical 
leakage induced by gas injection and storage, emission from the initial gas “reservoirs” of the sedimentary sequence 
(aquifers and aquitards), emission from the soil and biosphere activity, and emission from the atmosphere with or 
without anthropic contribution. De-convolution of continuous gas emission from rocks must take into account all 
these gas contributions to determine leakage rates from geological gas storage. The IR sensor should be able to 
characterize gas emission before injection and to allow the permanent observation of the same site after the 
injection.  
 
Figure 1: Key steps of a CO2 storage project. Italic: steps involving on-line greenhouse gas detection. 
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Monitoring is a necessity for a CO2 storage project. It occurs from the pre-injection to the post-injection periods. 
Greenhouse gas detection is probably the most important action to lead for different security reasons: detection of 
gas migration and/or leakage, real time information of populations, decision to stop or to delay gas injection. In a 
simplified scheme of the life of a CO2 storage (Figure 1), on-line gas detection should occur during the baseline 
acquisition in parallel to the storage estimate deduced from geological model and 3D tomography. Gas sensors 
should be located in aquifers or aquitards/aquicludes above the reservoir, into old wells, into the soil and the 
biosphere and finally into the atmosphere. During injection period, monitoring should first detect fluid migrations 
induced by gas arrival into the reservoir. If no migration is observed, storage efficiency is compared to the estimates 
done during the pre-injection period. In case of disagreement, storage efficiency can be reevaluated. If migration or 
leakage is detected, monitoring is increased in terms of sensitivity and frequency. Remediation or injection stop can 
therefore be decided. Procedures of monitoring are maintained during the post-injection period and are progressively 
simplified in the form of an alert procedure. 
The goal of this work is to develop on-line FT-IR sensors for the in situ analysis of greenhouse gas emission 
above CO2 storage site. Results acquired into caprock, soil and atmosphere will be compared and application to 
monitoring procedures will be discussed. 
2. Equipment 
Strategy for gas control in an on-shore CO2 storage site has to consider several parameters such as time, 
geography and the state of the fluids. Several options can be proposed and choices must be done between campaigns 
of measurements or permanent data acquisition, localized analyses for a limited number of spots or mapping with a 
given mesh, analyses of gases and pH in water or analyses in vapor or supercritical anhydrous phases. Our objective 
is based on permanent data acquisition on regions of interest during long periods of time into the vapor phase. In 
order to justify this choice we have conducted several experiments on natural sites. Measurements described in this 
paper have been made in a clay formation (Callovo-Oxfordian marls from the Paris basin), considered as a good 
analogue of caprock, and in a soil above a natural CO2 reservoir located at 2400 m in depth in the Triassic sequence 
of the Montmiral area (Drôme, France).  
Greenhouse gas sensor has been selected taking into account the nature of the gases (polyatomic non-symmetrical 
molecules), a required sensitivity on the partial pressure of about 0.001 mbar in the atmosphere, the on-line 
recording for long periods of time, and the possible recording of 
13
CO2 (
13
C is the most abundant isotope in nature 
for greenhouse gases with a content of around 1% of 
12
C) [11, 12]. 
The equipment is composed by three different elements: 1) the borehole completion consists of packers isolating 
a chamber for gas collection, developed by Solexperts company, 2) an external module that allows gas transfer via 
stainless-steel lines and sampling cells towards 3) an FT-IR sensor (Tensor ©Bruker spectrometer) located at the 
surface and equipped with an adjustable multipass gas cell (Figure 2, compartment #1) allowing greenhouse gases 
(CO2, CH4, CO, SOx, NOx, alkanes) analysis. The atmospheric CO2 contribution and the presence of other 
greenhouse gases, are independently recorded at 80 cm from the soil through the use of a second compartment 
working as an open-path system (Figure 2, compartment #2).  
Concentrations of gases from the rock and/or the soil are analyzed and translated into partial pressure after 
several correction steps taking into account the length of the optical path, water vapor content and bulk gas pressure. 
The conversion of the IR signal in values of partial pressures of gas required the establishment of calibration curves 
between the area of the characteristic infrared band and the partial pressure of reference gas samples. The isotopic 
signature is also acquired for CO2 using its spectral contribution at 2273 cm
-1
 located at the foot of the stretching 
vibration of 
12
CO2 at 2350 cm
-1
. The gas collection chamber is located between 1 to 1.5 m in depth for CO2 
detection in soil and between 10 to 15 m for CO2 and CH4 detection into caprock from a gallery created at 500 m in 
depth by ANDRA for the underground research laboratory of Bure [13, 14]. Borehole into caprocks is filled by 1.7 
bar of Ar before the experiment starts and is equipped with a water pump in order to avoid water filling of the gas 
collection chamber. 
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Figure 2 : FT-IR equipment for on-line analysis of greenhouse gases from soil and atmosphere. 
3. Results 
Partial pressures of gases have been acquired during long periods of time. Two different cycles with different 
durations are proposed in this paper: 250 days of measurements for the caprock of Bure and 69 days of 
measurements in the soil of Montmiral. The results are proposed in Figure 3 where FT-IR data of CH4 and CO2 and 
chromatographic data of Ar are compared for the caprock and FT-IT data of CO2 of the soil and the atmosphere are 
compared at Montmiral. Some data are lacking after the 150
th
 days in Bure and at the beginning of July at 
Montmiral, due to electrical troubles on site and difficulty in transmission of data. 
3.1. Gases in caprock 
Gases have been collected 100 days after drilling under neutral N2 atmosphere in order to avoid mineralogical 
alteration by oxidation (Figure 3, left). Before FT-IR recording, the borehole has been filled by an Ar pressure of 
1174 mbar. Partial pressures of CO2 (PCO2) and CH4 (PCH4) are simultaneously quantified using stretching vibration 
bands of each gas at 2273 cm
-1
 for CO2 and 3018 cm
-1
 for CH4. PAr is measured after gas sampling in four stainless-
steel cells collected after the 100
th
, 132
nd
, 184
th
 and 288
th
 days. Ar has been analyzed by gas chromatography by 
Hydroisotop GmbH laboratory (Schweitenkirchen, Germany). The analytical results show constant decrease of PAr 
all along the experiment period from 1174 to 950 mbar (Figure 3 left, black circles). PCH4 shows reverse evolution 
with an increase from 1.2 mbar to 3.2 mbar after 250 days without any apparent stabilization. Dispersion of data, 
observed the 100
th
 and the 184
th
 days, are due to gas homogenization into the circulation gas system due to pump 
rerun. Other deviations are explained by pressure shifts due to operations made on the circulation gas system. 
Similar artifacts are observed on the evolution of PCO2. However PCO2 does not follow the evolution of PCH4. It 
sharply increases the first day and stabilizes with a slight increase during the rest of the measurement period. PCO2 
evolves from 1.1 to 2.2 mbar after 250 days of recording. 
3.2. Soil and atmosphere gases 
No other gases than CO2 have been detected by FT-IR spectrometer except CO in the open path compartment 
dedicated to atmosphere analysis. Considering the high difference of PCO2 between the soil and the atmosphere, 
calculations have been made using the stretching fundamental vibration at 2360 cm
-1
 for the atmosphere and the 
combination band at around 3500 cm
-1
 for the soil. PCO2 into the soil shows important variations at different scales 
of time (Figure 3, right). At the scale of the 69 days of recording it can be seen an increase of PCO2 up to 77 mbar 
the 10
th
 of June and a constant decrease up to 20 mbar the 17
th
 of June and a stabilization for the rest of the 
acquisition time. At the scale of a week, sharp decrease of PCO2 followed by a rapid increase can be seen. At the 
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scale of a day, variations are marked by a minimum of PCO2 recorded at 6 am and a maximum recorded at 6 pm 
(summer hour in France is UTC + 2). The daily variations are more intense at the end of the experiment than at the 
beginning. 
PCO2 into the atmosphere is centered at 0.4 mbar but show intense variations at the scale of the week as of the day 
(Figure 3). Two types of variations are observed at the scale of the week: sharp peaks of CO2 emission, recorded at 6 
am more or less one day per week, correspond to plant operations of CO2 degassing. Montmiral site is an industrial 
plant for natural CO2 production, equipped with a series of units of gas treatment (desulphuration, dewaterisation, 
separation of hydrocarbons). The other weekly variations of PCO2 are weaker in intensity and seems superimposed 
to the variations observed into the soil. At the scale of a day, variations are clearly observed with amplitude varying 
between 0.05 and 0.2 mbar. The lowest PCO2 is recorded at about 6 am, whereas the highest PCO2 is recorded at 6 
pm.  
 
Figure 3: Evolution of partial pressures in mbar for gases in caprock (left) and in soil and atmosphere (right) at Bure and Montmiral respectively. 
PCO2 and PCH4 are deduced from on-line FT-IR measurements, whereas PAr is measured by gas chromatography after sampling. Caprock: scale of 
PCO2 and PCH4 is on the left, scale of PAr is on the right; Soil: scale of PCO2 from borehole is on the left and scale of atmospheric PCO2 is on the 
right. 
4. Discussion 
FT-IR spectra recorded in caprock formation give access to PCO2 and PCH4. The benefit of on-line recording is to 
obtain evidences of evolution and not tendencies, as it is the case with sampling methods. The progressive increase 
of PCH4 can therefore be assigned to gas diffusion into a porous media, more or less associated with advection due to 
the ingress of water (with dissolved CH4) into the borehole. The direction of the CH4 flow is oriented from the high 
PCH4 to the low PCH4 (i.e. from the caprock formation to the borehole). This mechanism is similar to the mechanism 
involved in Ar migration. But PAr is higher into the borehole than into the caprock formation; by consequence the 
Ar flow is oriented from the borehole towards the caprock formation and explains the decrease of the measured PAr 
in borehole with time. A simple model of diffusion (±advection) can represent the Ar and CH4 migration into the 
Callovo-Oxfordian marl. However clays or solid organic matter with high specific surfaces can retain CH4 and Ar. 
Therefore, adsorption should be also taken into account to model gas flows. Evolution of PCO2 is clearly different 
than the evolutions observed for CH4 and Ar. The rapid increase of CO2 into the borehole some hours after the 
beginning of measurement is the result of chemical reaction of the mineral assemblage of the host rock. The 
presence of important fraction of carbonates (dominant calcite, dolomite ± ankerite) acts as regulator of the PCO2. 
Gas disequilibrium produced by Ar filling in the borehole before data acquisition is responsible for intense 
carbonate reaction to counterbalance the decrease of PCO2 in the gas in contact with the marl. After re-equilibration, 
PCO2 remains quite constant with a continuous slight increase all along the experiment. 
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In the case of soil and atmosphere analysis above the Montmiral natural CO2 reservoir, one of the most important 
result is probably the high variations deduced from on-line measurements: PCO2 varies from 20 to 80 mbar in less 
than two months of recording. Therefore, isolated CO2 data in soils are to consider with caution, as they can be 4 
times lower or higher some times later. Daily variations are probably due to photosynthetic activities of the trees 
covering the location of the FT-IR sensor, marked by CO2 exchange through the roots. Weekly variations are more 
difficult to assign; the rapid drop of PCO2 could be explained by mechanical behavior of the soil strongly depending 
of humidity. During wet periods, the clay-rich soil can swell and retain CO2 by accumulation. In the case of dry 
periods, mud cracks become efficient drains allowing the gases to easily escape towards the atmosphere. The 
episodes of PCO2 drop are short periods covering one or two days. The inversion of behavior between leakage and 
accumulation mainly occurs around midnight. This period is compatible with a re-hydration of the soil, 6 hours after 
the maximum of CO2 production by the biological activity during the afternoon.  
Industrial activity on the Montmiral site is responsible for the detection of CO and for the peak of PCO2 
frequently detected at 6 am into the atmosphere. The rest of the variation of PCO2 into the atmosphere is the result of 
a combination of photosynthesis and respiration of the plants (trees and grass) superimposed to the mean PCO2 of the 
atmosphere (around 0.39 mbar). The maximum of PCO2 is observed when respiration is the dominant process against 
photosynthesis, whereas the minimum of PCO2 is observed when the effect of respiration is minimum. Similarities 
between PCO2 variations of soil and atmosphere, at the scale of the week, seem to show that CO2 into the soil partly 
governs the PCO2 into the near atmosphere at 80 cm in height. 
 
Figure 4: Schematic view of the partial gas pressures in the neighborhood of a CO2 storage. Arrows represent possible gas flow circulation. Size 
of letters is proportional to partial gas pressures. IR: Fourier transform infrared sensors for atmosphere, soil and caprock gas detection. Boreholes 
are equipped with a completion for gas collection. In brackets: indicative partial pressure of CO2 in mbar, for 1 bar equivalent of bulk pressure. 
Comparison between soil, atmosphere and caprock evidences that PCO2 is mainly due to geochemical equilibrium 
in deep formations, where PCO2 is fixed by the equilibrium between carbonates and formation waters, whereas PCO2 
in soil is mainly due to the biological and mechanical behavior. This difference leads to constant value of PCO2 in 
deep rock formation and intense variations in soil. PCO2 variation into the atmosphere is proportional to the distance 
between FT-IR sensor and the soil surface and is affected by wind. However, on-line greenhouse gas detection 
shows PCO2 in very near atmosphere is affected by CO2 in soil.  
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The effect of variable partial pressure of gases between geosphere, biosphere and atmosphere governs the fluid 
fluxes above a CO2 storage site. Figure 4 summarizes the CO2 fluxes existing in a simplified model of CO2 storage 
without specific atmospheric CO2 pollution (PCO2 = 0.4 ppm). Indicative data of PCO2 are given but could be 
different for different locations. The scheme shows a stratification of CO2 “reservoirs” with very different partial 
pressures of CO2: low PCO2 in the atmosphere, high PCO2 in the soil, low PCO2 into the caprock, very high PCO2 in 
the reservoir after injection. However, these indications are given for a bulk gas pressure of 1 bar, and do not take 
into account variations of pore pressure in rocks. 
On another hand, aquifers are not presented in figure 4. Analysis of gas in such rock formation should require 
specific adaptation allowing in situ measurement of dissolved gases or gas collection via sampling cells or  
waterproof chambers. 
5. Conclusions and recommendations 
This geochemical on-line monitoring approach applied to on-shore CO2 storage can be interpreted in terms of 
bulk gas transfer mechanisms inside and between the three different compartments: rock formation, soil and near 
atmosphere. FT-IR sensors are well adapted for the detection of non-symmetrical molecular gases but cannot 
distinguish the presence of N2, O2 or Ar and is weakly sensitive to H2S, all gases possibly injected with CO2 or 
present in the geological reservoir. Other sensors could be adapted: Raman gas cells are highly sensitive to N2, O2 
and H2S and Gas Chromatography/Mass Spectrometry are very sensitive for mono- and poly-atomic gases. 
However, these techniques are not yet well adapted for on-line measurement. Results of greenhouse gas detection 
presented in this paper show how on-line measurements are essential for the survey of storage sites. The on-line 
measurement for long durations is the only way to detect slight variations of Pgas, precursors of leakage or fluid 
migrations. 
Such analytical approach shows several advantages for gas monitoring in boreholes: 
• quantification of the variation with time of partial pressures of gases, 
• detection and evolution with time of the concentration of annex gases or markers co-injected with CO2, 
• continuously access to the isotopic signature of carbon in CO2 by the 
13
CO2/
12
CO2 ratio, 
• real-time discrimination of different CO2 sources, 
• application to pre-injection period in order to establish a baseline, 
• application to the injection and post-injection periods to determine possible deviations from the baseline, 
• possible use of several boreholes in networks, 
• association with other chemical or physical techniques of monitoring. 
From a monitoring point of view, soils appear as important CO2 reservoirs, masking slight variations that could 
be produced by CO2 leakage from deep geological reservoirs. Monitoring of gases will be more efficient in 
overburden layers. However, such design imposes isolated measurements in specific boreholes. The boreholes must 
be located in sensitive area of interest (SAI) such as permeable faults, old wells and drinking-water aquifers. But 
creation of boreholes in SAI can also weaken the CO2 storage site. For this reason and the fact that soil and near 
atmosphere are the biotope of the human beings, surface monitoring cannot be excluded. It is also the only 
geochemical monitoring covering a wide geographic area. 
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